Upon activation, cells rapidly change their functional programs and, thereby, their gene expression profile. Massive changes in gene expression occur, for example, during cellular differentiation, morphogenesis, and functional stimulation (such as activation of immune cells), or after exposure to drugs and other factors from the local environment. Depending on the stimulus and cell type, these changes occur rapidly and at any possible level of gene regulation. Displaying all molecular processes of a responding cell to a certain type of stimulus/drug is one of the hardest tasks in molecular biology. Here, we describe a protocol that enables the simultaneous analysis of multiple layers of gene regulation. We compare, in particular, transcription factor binding (Chromatin-immunoprecipitation-sequencing (ChIP-seq)), de novo transcription (4-thiouridinesequencing (4sU-seq)), mRNA processing, and turnover as well as translation (ribosome profiling). By combining these methods, it is possible to display a detailed and genome-wide course of action.
Introduction
In recent years, RNA-sequencing (RNA-seq) has become the standard tool to analyze all expressed RNAs within a cell or an organism 1 . However, to understand the whole process of cells adapting in response to a specific stimulus/drug, it is necessary to fully determine all underlying processes, ranging from mRNA transcription to processing, turnover, and translation. Short-term changes in RNA transcription can hardly be measured by total RNAseq, since changes of total RNA depend on factors e.g. RNA half-lives and transcriptional activity, which are a poor template for reflecting the adaptation of cells to environmental effects 2, 3 . Indeed, a variety of new sequencing techniques have been developed that allow an analysis of the different steps in the process of gene regulation 4 when combined in the right manner. This protocol describes how to combine some rather easily applicable sequencing techniques that allow tracking the regulation of the essential layers of mRNA in a comparative manner. For analyzing transcriptional activity, a variety of methods have been described, such as Cap-analysis of gene expression (CAGE) 5 , native elongation transcript sequencing (NET-seq) 6 , and genome-wide nuclear run-on (GRO-seq) 7, 8 , as well as bromouridine-sequencing (Bru-seq) and 4-thiouridine-sequencing (4sU-seq), which use metabolites that are incorporated in newly transcribed RNA 9, 10 . However, although ChIPseq gives clear information on where regulating factors bind, it does not reflect if it indeed leads to changes in transcription 14 . Therefore, performing ChIP-seq with 4sU-seq is the ideal combination for such biological questions. Regulation of gene expression can also occur at a later stage, since mRNA and protein levels do not necessarily correlate 15, 16 , indicating potentially significant regulation on the translational or post-translational level, depending on the context. In the year 2011, ribosome profiling had been first combined with RNA-seq and is now the method of choice to quantify changes that occur rapidly in protein, since there are still some sensitivity limits with mass spectrometry 17 . Indeed, translation rates obtained from such methods have been shown to deliver a relatively good estimate of changes in protein levels (at least measured for long-term changes) and allow an even more detailed view on the process of translation, e.g. the determination of start-side and alternative translation frames 17 . The combinatorial use of all four methods can be used in steady state, between various cell types, or in a time-serial experiment of a rapidly changing cell 11 . This use provides a genome-wide overview of changes in transcription factor binding influencing RNA transcription, processing, and translation.
Protocol
All methods are in accordance and compliance with the Helmholtz Zentrum München institutional, state, and federal guidelines.
Preparation
1. Make a detailed plan of the experimental setup including a time schedule, when to add 4sU to the cell culture medium, and when to harvest the cells for each method. Depending on the biological question, carefully consider time points for sample drawing, 4sU-labeling time, and concentration ( Table 1) . NOTE: Verify the impact of 4sU on cell viability and stress response in advance (see "Verify optimal 4sU-labeling conditions" in Representative Results and Figure 1 ). It is recommended to perform a preliminary test of each method with at least one sample. Verify if the quality and amount of RNA/DNA is sufficient for deep sequencing (see dedicated parts of the protocol), and practice fast but gentle handling of the cells during the experiment. 2. Calculate the number of cells needed for every time point of each method (see Table 2 for a rough estimation when using primary T cells).
Also, consider sequencing fewer samples of total RNA than just that of 4sU RNA (e.g., just for time point translation rates or RNA turnover rates should be calculated). To confirm and verify the significance of the results (recommended), create at least one biological replicate. NOTE: Importantly, for all methods and consecutive time points, samples must be from the same starting pool of cells. At least one dedicated researcher for each method is recommended. 3. Prepare everything necessary in advance (e.g., aliquoted 4sU, cycloheximide, Mammalian Lysis Buffer, and 1% formaldehyde). After addition of 4sU, avoid exposing the cells to bright light, as this may lead to crosslinking of 4sU-labeled RNA to cellular proteins 18 . 4. Pool all cells of interest in one flask just prior to treatment (Figure 2) . Count the cells (e.g., with a hemocytometer) and use the required amount for the untreated control of each method (do not forget to also label the untreated control for 4sU-seq with 4sU). Treat remaining cells and immediately split the required number of cells for each time point and method. Handle cells as quickly as possible to minimize stress due to changes in temperature or CO 2 levels. NOTE: For example, samples are taken 1 h, 2 h, and 3 h after treatment, then one quarter of the cells is used for untreated control, and three quarters are used for treated control.
1. Start of Labeling 1. Thaw aliquoted 4sU just before use. Add 4sU at each time point directly to the medium containing cells of interest (refer to Table 2 for recommended T cell numbers, least 60 µg RNA per time point), mix gently, and place back into the incubator. Dispose remaining 4sU (do not refreeze). 2. At the end of labeling, collect cells (e.g., cell scraper) and centrifuge at 330 x g for 5 min at 4 °C in polypropylene tubes (which resist high g forces). Aspirate medium and add reagent for RNA isolation (≥1 mL per 3 x 10 6 cells, see materials for recommendation which to use) to each tube. Fully resuspend the pellet (≥1 mL per 3 x 10 6 cells), incubate for 5 min at room temperature (RT), and freeze samples at -20 °C. Samples can be stored at -20 °C for at least 1 month. Caution: The reagents used for RNA isolation are extremely hazardous when getting in contact with skin or eyes. Handle these with care and consider the safety instructions.
2. RNA preparation using modified RNA isolation protocol 1. Add 0.2 mL chloroform per 1 mL reagent for RNA isolation, and mix thoroughly by shaking for 15 s. Proceed as mentioned in the metabolic labeling protocol (step 1 -12, 2. RNA preparation using modified trizol protocol) from Rädle et al. 19 2. Measure RNA concentration (see Table of 
Total RNA-Seq
1. Directly take RNA from 4sU labeled RNA after RNA preparation using the modified reagent for RNA isolation protocol for total RNA-seq (see step 2.2.2.) 2. For library preparation, dilute an RNA aliquot to a final concentration of 50 -100 ng/µL. Use the same kit as for library preparation of newly transcribed RNA. 100 -500 ng RNA are sufficient for most library preparation kits.
Ribosome Profiling
NOTE: For all methods and consecutive time points, samples must be from the same starting pool of cells . For recommendations on which kit to use, refer to the tube and place capped tubes in a 1.5 mL tube. Centrifuge for 2 min at 12,000 x g. Repeat centrifugation if gel slices are not completely shred into the 1.5 mL tube. 6. Elute the RNA from disrupted gel slices with 400 µL nuclease-free water, 40 µL ammonium acetate (5 M), and 2 µL SDS (10%) each overnight at 4 °C. 7. Transfer the slurry to 1.5 mL filter tubes (provided with the recommended kit) with a 1 mL pipette tip (wide-bore tip or self-made 1 mL tip with cut end). Centrifuge for 3 min at 2,000 x g to separate eluted RNA from gel slices. Gently pipette aqueous solution into a 1.5 mL tube. Add 2 µL glycogen (provided with the recommended kit) and 700 µL 100% isopropanol and store at -20 °C for at least 1 h. Table of Materials). 5. Verify the ChIP was successful by qPCR (dilute 1 µL in 100 µl H 2 O and use 2 -5 µL for qPCR). Use specific primers for a positive (known binding site of protein of interest) and negative control (e.g., a gene that is silent and/or not a target of protein of interest). NOTE: Library preparation can be performed with 2 ng of ChIP DNA depending on the kit (see Table of Materials for a suggestion on which kit to use).
Representative Results
4sU labeling: Verify optimal 4sU-labeling conditions (apoptosis, nuclear stress, cytoplasmic stress), time, and concentration: High levels of 4sU can inhibit the production and processing of rRNA and induce cytoplasmic as well as nuclear stress 30 . Therefore, cells of interest should be tested for 4sU-induced stress as well as apoptosis. Western blot analysis is recommended for visualizing p53 accumulation, which indicates nuclear stress, increasing phospho-EIF2a levels which display cytoplasmic stress and fluorescence-activated cell sorting (FACS) analysis for apoptosis. High levels and lengthy exposure to 4sU or drugs like thapsigargin or arsenite can be used to induce cellular stress. To induce apoptosis or cell death, cells were treated with BH3I-1 (500 ng/µL) or incubated for 5 min at 95 °C (heat shock). Annexin V/7-AAD staining was used to determine apoptotic (Annexin V) and dead (7-AAD) cells. Labeling of in vitro generated primary Th1 cells for 0.5 h with 500 µM 4sU (final concentration) or 1 h with 200 µM 4sU neither induces signs of cellular stress nor apoptosis (Figure 1 ) but lead to sufficient 4sU incorporation.
RNA labeling time can also be shortened (≤5 min) which leads to an increase in short-lived intronic sequences compared to longer labeling times. To visualize co-transcriptional splicing rates, 4sU-labeling times should not exceed 30 min. For further details regarding 4sUlabeling, please refer to Rädle et al.
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Quality Control: RNA integrity is of great importance when processing RNA. It is most convenient to check the RNA quality of 4sU-labeled RNA after biotinylation by electrophoretical analysis (see Table of Materials) . Consider verifying isolated RNA from step 2.2.2, especially when using it for sequencing of total RNA. RNA integrity number (RIN) should be ≥8 to ensure RNA integrity for further processing (Figure 3) .
Electrophoretical analysis can also be used to verify newly transcribed RNA. Be aware that newly transcribed RNA contains significantly less mature rRNAs compared to total RNA with the typical rRNA bands being much less prominent.
Ribosome profiling: PCR amplification of the cDNA library: cDNA amplification (step 4.9.1) is a critical step to ensure good sequencing results. Analyze amplified libraries by electrophoretical analysis. A good sample of amplified libraries shows a peak around 140 -160 bp ( Figure  4A ). Excessive amounts of adapter dimers should be avoided ( Figure 4B ) and those samples should be further purified using the PAGE purification procedure according to the manufacturer's protocol (PAGE purification of PCR products). Too much template or too many PCR cycles can result in over-amplification characterized by the appearance of higher-than-expected molecular weight bands, smeared PCR products, and adapter dimer products ( Figure 4C ). For most samples 1 -5 µL of circularized cDNA and 9 PCR cycles for amplification will typically yield sufficient amounts of the correct PCR product.
ChIP: Chromatin shearing: Optimal shearing conditions need to be adjusted for each type of cell. Determine shearing conditions (e.g., number of cycles, high or low power) in advance. Use the same number of cells and the same volume for testing purposes, since a lower cell density increases the shearing efficiency. Try to avoid over-or under-shearing the chromatin. Large chromatin fragments can dramatically affect ChIP results by clogging, and over-shearing can destroy epitopes on the protein of interest, leading to a lower binding efficiency by the antibody. In this experiment, the best results were achieved when the main fraction of the sheared chromatin was around 1,000 bp or slightly lower ( Figure 5A) . Verifying ChIP by qPCR: Before starting the ChIP, it is advisable to test if the used antibody is suitable for ChIP (if possible, use ChIP grade antibodies) by ChIP-qPCR. Verify the ChIP for sequencing by qPCR before starting the library preparation (see step 5.6.5). Design primers that bind to a known target site of the protein of interest. If the exact target site within a gene is unknown, several primer pairs can be used to scan the gene and associated regulatory elements. For RNAPII ChIP of Th1 cells Ifng, which is transcriptionally upregulated upon stimulation, and actin primers can be used as a positive control. Sox9 and insulin serve as a negative control, since these genes are not expressed in Th1 cells ( Figure 5B) . Remember not to use exon-spanning primers, which are normally used for qPCR of mRNA. An IgG control can also be used to prove specificity of the used antibody. Immunoprecipitated DNA can be measured with a suitable fluorometer (see Table of Materials) . Amounts of nonspecifically bound DNA by the IgG control should be significantly lower compared to the DNA amount bound by the antibody of interest. . Hence, it might be worth considering switching to MTS-biotin, in particular, for the recovery of small RNAs, which tend to have fewer uridine residues (refer to the biotinylation protocol mentioned by Duffy et al.; see Purification of 4sU-labeled RNA, Experimental Procedures).
For the recovery of newly transcribed RNA, it is possible to use paramagnetic beads or RNA Cleanup beads of your choice. Always take into account that these kits may or may not purify for specific RNAs. For example, if you are interested in miRNAs, consider using specific kits for miRNA capture and sequencing.
Quantification of newly transcribed RNA: To accurately quantify newly transcribed RNA, measurement should be performed by a suitable fluorometer (see Table of Ribosome Profiling: When establishing the method, we determined that using 1.5x the amount of nuclease than suggested in the original protocol guarantees proper digestion. Also, no adverse effects have been reported for elevated amounts of nuclease. Since it is quite difficult to overdigest the RPFs while they are part of the RNA bound by ribosomal proteins, you can still slightly increase the amount to titrate optimal nuclease digestion.
If less than 500 ng of RPF RNA were recovered in step 4.4.2, repeat rRNA depletion and pool purified RPFs with RNA Clean & Concentrator-5 columns. Alternatively, load two identical samples next to each other on the gel (step 4.5.3) and pool gel slices during RNA elution from the gel (step 4.5.6).
We recommend cutting the RPFs on a gel as tightly as possible to the 28 and 30 nt bands. This helps in eliminating unwanted fragments from rRNAs and tRNAs, which later will become part of your library and reduce sequencing reads for your RPFs.
It is also recommended to avoid UV light during gel purification. This can create nicks in the RNA fragments, as well as pyrimidine dimers, that in the end can severely affect the library preparation and sequencing results.
Library preparation and sequencing of data: Ribosome profiling protocol enables to generate a cDNA library suitable for sequencing. Samples generated by 4sU-labeling can be directly used for library preparation with any appropriate RNA sequencing kit. Since newly transcribed RNA, especially when using short labeling times, may not yet be polyadenylated, no poly-A selection should be performed. Instead, we strongly recommend rRNA depletion to prevent reducing sequencing depth for the actual sample. Using T cells, we started with 400 ng of newly transcribed and total RNA (depending on the kit, see materials), performed rRNA depletion and reduced cycles for PCR amplification to minimize PCR bias. Library preparation can be performed with less starting material. To account for library complexity numbers of PCR cycles should be optimized.
For ChIP-seq there are also many kits available for library preparation. In our hands library preparation worked well starting with 2 ng of ChIP DNA (see materials for a suggestion on which kit to use). Be sure to check the indices for color balance during sequencing. We recommend a sequencing depth of ≥40 x 10 6 reads each for 4sU-seq, total RNA-seq, and ChIP-seq samples, and ≥80 x 10 6 reads for ribosome profiling samples. The sequencing depth depends on the sample and the downstream bioinformatics analysis and should be considered carefully. To analyze intronic reads for cotranscriptional splicing, 100 bp paired-end sequencing needs to be chosen.
) followed by mapping to the reference genome for the cells under study. For RNA-seq data (both total and 4sU-seq), as well as ribosome profiling data, a spliced RNA-seq mapper is required, such as ContextMap 2 21 . For ChIP-seq data unspliced alignments, using BWA-MEM 22 is sufficient. Gene expression can be calculated using the RPKM model (Reads per Kilobase of Exon per Million Fragments Mapped) 1 , after determining read counts per gene using a program, e.g. featureCounts 23 . For peak calling from ChIP-seq data, a number of programs are available, e.g., MACS 24 or GEM 25 . Further downstream analyses can be performed in R 26 , in particular using tools provided by the Bioconductor project 27 .
Here, a major challenge in integrating 4sU-and total RNA levels and translational activity from ribosome profiling is normalization. A classical approach to address this problem is to normalize to levels of house-keeping genes. To reduce noise due to random fluctuations for individual house-keeping genes, it is recommended to not just use a few house-keeping genes but median levels for a larger set, e.g. the >3,000 housekeeping genes compiled by Eisenberg and Levanon 28 . For calculation of RNA turnover rates from ratios of 4sU-to total RNA, normalization is based on median turnover rates (e.g., assuming an RNA half-life of 5h) 29 . However, since this assumes no overall changes for house-keeping genes, we recommend using analysis approaches independent of normalization, e.g., correlation-based clustering of a time-series of the different data types to identify groups of genes with distinct behavior in transcription and translation during activation. For a detailed description on bioinformatical integration of the different data types, we refer to the original publication 11 .
Analysis of turnover rates and data integration:
A recently published paper 33 comparing half-lives determined by a multiplexed gene control (MGC) to global methods could show that half-lives correlated best with those obtained by metabolic labeling methods compared to other methods (e.g., general inhibition of transcription by drugs). However, it should be mentioned that differences between half-life calculations can arise and have been described 15, 34 . We account for most of the problems and differences that are introduced by the stress response due to prolonged 4sU exposure. Therefore, it is indispensable to exclude the stress response introduced by 4sU-labeling. To further validate turnover rates, we recommend the use of MGCs.
Additionally, a data set as generated here could also be used for a more integrative data analysis (e.g., regulation of long non-coding RNAs) 35, 36 .
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